Essentials
• von Willebrand Factor (VWF) and ADAMTS13 may affect early injury after subarachnoid hemorrhage (SAH).
• Early brain injury was assessed in VWF À/À , ADAMTS13
À/À and recombinant (r) ADAMTS13 treated mice.
• VWF À/À and rADAMTS13 treated mice had less brain injury than ADAMTS13 À/À and wild-type mice.
• Early administration of rADAMTS13 may improve outcome after SAH by reducing early brain injury.
Summary. Background: Early brain injury is an important determinant of poor functional outcome and case fatality after aneurysmal subarachnoid hemorrhage (SAH), and is associated with early platelet aggregation. No treatment exists for early brain injury after SAH. We investigated whether von Willebrand factor (VWF) is involved in the pathogenesis of early brain injury, and whether ultra-early treatment with recombinant ADAMTS-13 (rADAMTS-13) reduces early brain injury after experimental SAH. Methods: Experimental SAH in mice was induced by prechiasmatic injection of non-anticoagulated blood from a littermate. The following experimental SAH groups were investigated: C57BL/6J control (n = 21), VWF À/À (n = 25), ADAMTS-13 À/À (n = 23), and C57BL/6J treated with rADAMTS-13 (n = 26). Mice were killed at 2 h after SAH. Primary outcome measures were microglial activation (IBA-1 surface area) and neuronal injury (number of cleaved caspase-3-positive neurons). Results: As compared with controls, microglial activation was decreased in VWF À/À mice (mean difference of À 20.0%, 95% confidence interval [CI] À 4.0% to À 38.6%), increased in ADAMTS-13 À/À mice (mean difference of + 34.0%, 95% CI 16.2-51.7%), and decreased in rADAMTS-13-treated mice (mean difference of À 22.1%, 95-% CI À 3.4% to À 39.1%). As compared with controls (185 neurons, interquartile range [IQR] 133-353), neuronal injury in the cerebral cortex was decreased in VWF À/À mice
Introduction
Aneurysmal subarachnoid hemorrhage (SAH) is a devastating subtype of stroke with a peak incidence between the ages of 40 years and 60 years. Although the prognosis after SAH has somewhat improved over the last few decades, the 90-day in-hospital case-fatality rate in hospital-based studies is still 30% [1] . Major determinants of poor functional outcome after SAH include early brain injury and delayed cerebral ischemia (DCI) [2, 3] . Early brain injury occurs immediately following the initial bleeding, whereas DCI is a complication that occurs in 30% of SAH patients 4-14 days after ictus. At present, no treatment exists for early brain injury. Although DCI can be prevented with oral nimodipine, its effect is only modest [4] . Therefore, new treatment targets are needed to improve the prognosis after SAH. Although the pathogenesis of early brain injury and DCI is poorly understood, accumulating data suggest that platelet aggregation is involved in both processes [5] . Recently, we and others have shown that higher levels of von Willebrand factor (VWF) and lower levels of ADAMTS-13 (which rapidly cleaves large VWF multimers) are associated with DCI in patients with SAH, and that treatment with recombinant ADAMTS-13 (rADAMTS-13) in a mouse model of SAH reduces microthrombosis and microglial activation 48 h after SAH [6] [7] [8] [9] [10] [11] . However, it remains unclear whether VWF is also involved in brain injury shortly after SAH, and whether rADAMTS-13 is a potential treatment option to prevent early brain injury.
In the current study, we assessed the extent of early brain injury in an SAH mouse model 2 h after SAH induction. We demonstrated that VWF is involved in the pathogenesis of early brain injury, and that ultra-early treatment with rADAMTS-13 reduces early brain injury after experimental SAH.
Materials and methods

Experimental animals and groups
All experimental protocols used in this study were approved by the Institutional Animal Care and Use Committee at St Michael's Hospital, and conducted in accordance with the regulations outlined by the Canadian Council on Animal care. Wild-type C57BL/6 mice were obtained from Charles River (Sherbrooke, Canada). The ADAMTS-13 À/À and VWF À/À mice were both generated on a C57BL/6 background, as reported in our previous studies [6, 12, 13] . We used both male and female mice (⁓ 50% each), and planned the surgery according to the age (instead of the weight) of the mice, so that all mice used were aged 90 days. The mice weighed 18-30 g, had access to a standard pellet diet and water ad libitum, and were housed under a 12-h : 12-h light/dark cycle. Mice were randomly assigned to one of the following experimental SAH groups: (i) C57BL/6 wild-type controls (n = 23, 11 males and 12 females); (ii) VWF À/À mice (n = 25, 12 males and 13 females); (iii) ADAMTS-13 À/À mice (n = 23, 12 males and 11 females); and (iv) C57BL/6 wild-type mice (n = 26, 12 males and 14 females) with injection of rADAMTS-13 (3460 U kg À1 ) in the tail vein 5 min after SAH induction [6] . The sample sizes were established by an a priori formal power calculation, taking into account a minimum difference in extent of brain injury of 48% between groups, a standard deviation of ⁓ 45%, a 5% error, and 80% power. The expected difference and variance were based on our previous study on the effects of ADAMTS-13 on microthrombosis 48 h after SAH [6] . Experiments were performed in random order (generated by simple randomization technique) by a single surgeon (J.A.) who was blinded to type of mouse and treatment allocation. Surgeries were completed over a time period of 8 months.
SAH model
SAH was induced as reported previously [14, 15] . Mice were anesthetized by inhalation of isofluorane (5% induction; 2-3% maintenance) carried by oxygen (1 L min À1 ).
The body temperature was maintained at 37.0 AE 0.5°C with a homeothermic heating pad and a rectal probe (Harvard Apparatus, Holliston, MA, USA). The head was fixed in a stereotactic frame equipped with a mouse adaptor (Harvard Apparatus). A 0.9-mm burr hole was drilled 4.5 mm anterior to the bregma and angled ventrally at 40°. A Doppler flow meter (BLT21; Transonics Systems, New York, NY, USA) was used to monitor relative cerebral blood flow (CBF) for 7.5 min before and 15 min after blood injection. To induce SAH, 60 lL of non-anticoagulated blood from a donor mouse was obtained by cardiac puncture and injected into the prechiasmatic cistern with a 27-gauge spinal needle (BD Biosciences, San Jose, CA, USA) over a period of 9 s by use of a microsyringe pump (Model-310; Stoelting, Wood Dale, IL, USA). In all four experimental groups, the donor mouse was of the same strain as the SAH mouse. A sharp drop in CBF indicated success of the SAH induction. Buprenorphine (0.2 mg kg À1 ) was given subcutaneously immediately after surgery for pain management. The mouse was allowed to recover in a heated chamber (Harvard Apparatus). Mice were killed 2 h after surgery, and perfused through the left cardiac ventricle with 0.9% NaCl, followed by 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) (pH 7.4), both under physiological blood pressure (60-80 mmHg). Any mice that were not properly perfused or died prior to the 2-h time point were excluded from the analysis. Brains were removed and postfixed for 48 h in 4% PFA in PBS. Coronal cuts were made with a mouse brain matrix (Zivic Instruments, Pittsburgh, PA, USA) at À 2 mm from the bregma. Tissue blocks were processed, embedded in paraffin, and cut into 5-lm sections with a microtome (Leica, Wetzlar, Germany).
Outcome measures
The primary outcome measures were: (i) the degree of microglial activation as reflected by the amount of IBA-1 staining; and (ii) the degree of neuronal injury as reflected by active caspase-3 staining in NeuN-expressing cells. The secondary outcome measures were: (i) CBF 10 min after blood injection; and (ii) the amount of fibrin(ogen) staining.
Immunohistochemistry for IBA-1 and fibrin(ogen)
For IBA-1 and fibrin(ogen) staining, slides were deparaffinized and rehydrated through xylene and decreasing concentrations of ethanol. 
CBF
For CBF quantification, digital data points of whole trace recorded (POLYVIEW; Natus, Pleasanton, CA, USA) were exported into Excel at a sampling frequency of 100 Hz. Every 1000th point of data was extracted from each of the traces to form a dataset with data points every 10 s. The first data point with CBF < 10% of the baseline was chosen as the peak point, and defined as time = 0 min. The baseline time was thereby defined as negative time in minutes from the peak point, and the recovery following the peak point was defined as positive time in minutes. Data were normalized to the average CBF value prior to the blood injection.
Quantification of staining
For histology experiments, a single coronal slice taken 2 mm posterior to the bregma was used for evaluation. For evaluation of microglial activation, six images were obtained of the cerebral cortex at 9 40 magnification (Olympus BX50; Olympus Canada, Richmond Hill, Canada). Images were then converted into 16-bit binary images, and thresholded for positive staining by the use of IMAGEJ (NIH, Bethesda, MD, USA). The results are expressed as an area fraction with positive IBA-1 staining. For fibrin(ogen) staining, both the total number of microclots in the cerebral cortex and arterioles and venules that had fibrin(ogen) deposition within the vessel wall were quantified from a single coronal slice. For quantification of neuronal injury, the total numbers of active caspase-3-positive neurons within the neocortex were quantified from a single coronal slice. Fluorescent images were obtained with a laser confocal microscope (Axiovert 200; Carl Zeiss, Thornwood, NY, USA).
Statistical analysis
All assessments were performed by two reviewers who were blinded to the type of experimental group. Data were assessed for normal distribution with the ShapiroWilk test. All normally distributed data are expressed as means AE standard deviation, except for the CBF data, which are expressed as means AE standard error of the mean for better visualization of the CBF traces. In cases of normally distributed data, we calculated mean differences between two groups with 95% confidence intervals (CIs), and for statistical comparison we used a one-way ANOVA followed by a Tukey's multiple comparison test. Non-normally distributed data are expressed as medians AE interquartile range. For comparisons of two groups with non-normally distributed data, we used a Kruskal-Wallis ANOVA with Dunn's multiple comparison test. Differences were considered statistically significant at a P-value of < 0.05.
Results
The mouse characteristics are summarized in Table 1 .
Mean CBF dropped to < 10% of baseline during blood injection in all four groups, representing the rapid increase in intracranial pressure during blood injection (Table 1 ; Fig. 1 ). As compared with the baseline CBF, the CBF values during peak drop were 6.2% AE 5.9% for wild-type control mice, 4.2% AE 1.6% for VWF À/À mice, 7.1% AE 7.1% for ADAMTS-13 À/À mice, and 6.6% AE 2.5% for rADAMTS-13-treated wildtype mice (P = 0.18; Table 1 and Fig. 1 ). Death occurred in two of 21 (10%) wild-type mice, four of 25 (16%) VWF À/À mice, four of 23 (17%) ADAMTS-13 À/À mice, and two of 26 (8%) rADAMTS-13-treated mice (P = 0.71, Fisher's exact test). All mice that did not survive to the time of killing at 2 h died within 5 min of induction of SAH. Two mice were excluded because of incomplete perfusion (one in the wild-type group, and one in the rADAMTS-13-treated group).
VWF deficiency or treatment with rADAMTS-13 reduces microglial activation VWF À/À mice had less microglial activation than wild-type mice (3.0% AE 0.7% versus 3.7% AE 0.6%; mean difference of À 20%, 95% CI À 4% to À 39%), whereas ADAMTS-13 À/À mice had more microglial activation (5.0% AE 0.8% versus 3.7 AE 0.6%; mean difference of + 34%, 95% CI 16-52%), (Fig. 2) . Similarly to VWF À/À mice, wild-type mice treated with rADAMTS-13 had less microglial activation than wild-type mice without rADAMTS-13 treatment (2.9% AE 0.9% versus 3.7% AE 0.6%; mean difference of À 22%, 95% CI À 3% to À 39%).
VWF deficiency or treatment with rADAMTS-13 reduces neuronal injury
All data on neuronal injury were non-normally distributed. clots, and rADAMTS-13-treated mice had 141 AE 104 clots. However, the small numbers of mice developing microthrombi in capillaries did not warrant statistical analysis. Apart from microthrombi, we analyzed fibrin(ogen) deposition within large parenchymal cortical vessels (Fig. 4) . As compared with wild-type controls, a trend was observed towards a lower total number of vessels with positive fibrin(ogen) staining in VWF À/À mice (16.1 AE 11.8 versus 23.8 AE 9.7; mean difference of À 34%, 95% CI À 74% to 5%) and a trend towards increased fibrin(ogen) vascular deposition was observed in ADAMTS-13 À/À mice (27.8 AE 12.5 versus 23.8 AE 9.7; mean difference of + 17%, 95% CI À 17% to 55%). Treatment with rADAMTS-13 in wild-type mice reduced the total number of vessels with positive fibrinogen staining (14.3 AE 6.8 versus 23.8 AE 9.7; mean difference of À 40%, 95% CI À 3% to À 76%) (Fig. 4) .
Discussion
Our study demonstrates that VWF plays an important role in mediating early brain injury after SAH. Animals that lacked endogenous VWF or received rADAMTS-13 treatment had less microglial activation and neuronal injury than wild-type controls at 2 h after SAH. In contrast, 
ADAMTS-13
À/À mice had increased microglial activation as compared with wild-type mice, but not increased neuronal injury as compared with wild-type mice. Furthermore, we found less fibrin(ogen) deposition within the vessel walls of VWF À/À or rADAMTS-13-treated mice than in the vessel walls of wild-type controls, suggesting that rADAMTS-13 may exert its beneficial effect at least partially by influencing thrombosis. Early brain injury is caused by the effects of the initial hemorrhage, resulting in microvascular constriction, platelet aggregation, blood-brain barrier disruption, and edema [3] . Platelets have been shown to aggregate in parenchymal capillaries within 10 min in a rat model of SAH, and persist for up to 24 h [16] . Similarly, in the pial microvasculature, platelet aggregates have been found 10 min after SAH, and persist for up to 3 days [17] . The observed reductions in microglial activation and neuronal injury in VWF À/À mice and rADAMTS-13-treated mice in our study may be attributable to reduced microvascular plugging early after SAH, as these mice had less fibrin(ogen) deposition within parenchymal arterioles and venules than control mice. The effect of rADAMTS-13 on microglial activation and microthrombosis was less pronounced than in our previous study on DCI when measured 2 h after SAH ictus [6] . This suggests that there may be a cumulative effect of rADAMTS-13 on early brain injury and DCI mechanisms after SAH. The small number of mice that did develop microthrombosis did not warrant statistical analysis. As microthrombosis typically peaks at 48 h after SAH in mice, it is not surprising that few mice showed microthrombosis at 2 h after SAH. Another potential explanation for the low prevalence of microthrombosis is that microthrombi were washed out by the intracardiac perfusion fixation procedure, as these clots may not be as stable at this early time point as at 48 h after SAH. Furthermore, rADAMTS-13 not only has an effect on platelet aggregation, but also reduces inflammation. In experimental intracerebral hemorrhage, rADAMTS-13 reduced brain edema and neuronal injury as compared with wild-type control mice by attenuating pro inflammatory cytokines, such as interleukin-6 and interleukin-1b, and promoting stabilization of the blood-brain barrier [18] . rADAMTS-13 may also decrease early brain injury after SAH through these mechanisms. We found that there was no increased cellular injury in ADAMTS-13 À/À mice as compared with wildtype and VWF À/À mice, despite an increase in microglial activation. We hypothesized that the strong early microglial activation observed in ADAMTS-13 À/À mice might suppress some neuronal injury, but, in the long term, becomes detrimental. Indeed, in previous studies, ADAMTS-13 À/À mice were found to have an enhanced microglial activation profile and increased neuronal cell death 48 h after ictus [6, 8] .
There are several limitations of our current study. Two mice were excluded from the final analysis of our data, owing to improper tissue perfusion and/or fixation. Although all mice were of the same age, we found that VWF À/À mice were lighter than wild-type or ADAMTS-13 À/À mice ( Table 1 ). This suggests there may be some developmental differences in VWF À/À mice, which may introduce confounding. Furthermore, no functional assessment of mice was performed to determine whether VWF or ADAMTS-13 had any effect on functional or behavioral outcome. rADAMTS-13 was also administered early after SAH induction, which is not feasible in the clinical setting. An optimal and feasible time point for administration of rADAMTS-13 in patients is required. It may also be important to explore whether additional infusions of rADAMTS-13 may help to further reduce injury resulting from delayed cerebral ischemia. Finally, it remains to be investigated whether rADAMTS-13 influences only primary hemostasis or also other processes involved in the pathogenesis of early brain injury after SAH.
In conclusion, our results support the further study of rADAMTS-13 as a treatment option for the reduction of early brain injury after SAH. Further studies are required to determine whether there is improvement in CBF after rADAMTS-13 treatment because of reductions in the number of thrombi in early brain injury and delayed brain injury. In addition, the mechanism of action of rADAMTS-13 on platelet aggregation may be directly observed in vivo by using intravital microscopy, which may help to determine the optimal time window for administering rADAMTS-13 to reduce early brain injury. Future studies are needed to investigate whether rADAMTS-13 increases the risk of rebleeding of the aneurysm, and to determine the optimal time window for administering rADAMTS-13 to reduce early brain injury.
